INTRODUCTION
The non-living resources of the deep ocean floor are increasingly being turned to as an alternative to land-based resources. For example, offshore oil and gas reserves now constitute a major portion of overall energy sources (IEA, 1996) . As other non-living resources become scarce on land, or offshore exploitation becomes increasingly feasible through technological advances, more minerals can be expected to be mined from the offshore areas. Many of these resources are usually found on the continental shelf and its extensions and therefore give to the adjacent coastal state a potential for control over their exploitation. It is now the responsibility of the International Seabed Authority (ISA) to identify the potential for marine resources in areas beyond the control of coastal states and manage how these can be enjoyed for the benefit of humanity as a whole.
This contribution forms a review of non-living marine resources on the extended "legal " continental shelf (ELCS). The review examines non-living resources held by offshore minerals in areas that lie beyond the 200 nautical mile jurisdiction of nation states' exclusive economic zone (EEZ) but which have the potential to lie within their ELCS. The outer limits to these are defined by the criteria established by the United Nations Convention on the Law of the Sea, Article 76 (1982) and are based on bathymetry, sediment thickness and an assessment of geological continuity from the adjacent land masses.
The main mineral deposits of potential economic value that occur on and beneath the seafloor in the extended continental shelf areas are: placer deposit, phosphorites, evaporites, polymetallic sulphides (PMS), manganese-cobalt rich nodules and crusts and hydrocarbons including gas hydrates (Kesler, 1994; Cronan, 1980 Cronan, , 1985 . Substantial mineral deposits are now known or predicted to occur on the seafloor in many parts of the world (Gross & McLeod, 1987; Virtual Library (EEVL), Marine Oceanographic and Freshwater Resources (MOFR), the UK's Ocean Information System (OCEANIS), Ocean Treaties, and other online databases. These resources are utilised alongside databases of world bathymetry (e.g. GEBCO) , sedimentology and geophysics to enable a comprehensive and quantitative synthesis of the offshore, non-living resource potential.
Determination of the area of interest
A critical parameter in the determination of marine resources in the area of the legally extended continental shelf is the definition of the area itself. Article 76 of the United Nations Law of the Sea Convention (1982) provides the definition and criteria for the location of the outer limit of the Legal Continental Shelf beyond 200 nautical miles. These are based on a combination of geodetic, geophysical, geological and hydrographic parameters and are published by the Commission for the Outer Limit of the Continental Shelf at http:// www.un.org/Depts/los/tempclcs/docs/clcs/ CLCS_11.htm.
Using these criteria, a number of authors have made attempts to identify the areas of the worlds oceans which, as legal Continental Shelf, fall beyond 200 nautical miles from the baselines from which territorial limits have been determined. One of the most widely cited is Prescott (1985) and is used here as a guide to locating the extended legal continental shelf regions.
Classification of mineral resources
To give economic and geologic perspectives to estimates of resource potentials, they must be examined within a framework that accounts for the degree of uncertainty of knowledge about their existence, formation, character and feasibility of recovery (Pearson, 1975; Kesler, 1994) . In the original classification of McKelvey (1968) and McKelvey & Wang (1969) , individual mineral deposits evolve from being an estimated "resource" to a known "reserve" with progress in exploration, advance in technology, and changes in economic conditions. Recoverable "reserves" comprise known abundance and volume of materials that are both marketable and economically feasible to produce under local economic and technologic conditions. In contrast, "resources" comprise estimates of the potential occurrence and abundance of materials, regardless of their feasible exploitation. Our use here of the term "resource" is within the context of the definition supplied by McKelvey & Wang (1969) . Seen in this framework, the presently recoverable proven "reserves" of most minerals are relatively small when compared with the estimated "resources" that may be found by future exploration, or become economically recoverable as a result of technological advances. This is particularly true for marine resources, because only a small part of the seabed has been explored and most of the resources it contains are not yet economically recoverable (Li, 1995) .
Methods used to assess resource potentials
We use four stages to assess the distribution and abundance of non-living resources on ELCS. For some resources, not all stages are possible, and in these cases we progress the evaluation as far as reasonable, or possible, to reach a qualitative ranking of resources by region.
The first stage involves identification of all documented occurrences of resource minerals in the global ocean. These occurrences include coastal, continental shelf, continental slope, continental rise and abyssal locations, regardless of their relationship to the ELCS. The second stage is to determine the resource density in mass per unit area for the various minerals and elements. For example, the distribution and density of manganese nodules and crusts are based on reports in the literature of seabed surface coverage determined from sampling and photographic observations. For conventional hydrocarbons (gas and oil), existing regions of production are identified, as well as reserves and resources estimated from regional compilations. Where appropriate, a third stage is to assess chemical compositional data for elements of significant economic value. These are largely restricted to manganese nodules and crusts, for which there is global data coverage. The forth stage continues the evaluation by multiplying the occurrence, frequency or density of resource minerals (in mass per unit area) with elemental abundance data for those minerals to arrive at estimates of mass per unit area for individual elements. These values are integrated under the area of the ELCS to derive the total elemental mass in each region. Where this is not possible to define quantitatively, the resources are ranked in order of potential abundance or grade.
Where global data for both abundance and composition exist, these are compiled on 1° latitude and longitude grids. Interpolation of data between sampled localities is based on a minimum surface tension routine (Smith & Wessel, 1990) . This method has the advantage of adjusting value gradients locally according to the actual sample values, their location and frequency of occurrence. Because interpolation is not believed to give meaningful results beyond a limit of 10° in both latitude and longitude from known occurrences, the grids do not extended beyond those limits.
Where abundance, density and compositional data are absent, the likelihood of occurrence of a specific resource is estimated from knowledge of the presence or absence of conditions favourable for the resource's formation. This method is especially applicable to gas hydrates and conventional hydrocarbons, although the latter are also assessed with reference to known reserves and estimated resources.
NON-LIVING RESOURCES ON THE SEAFLOOR: THEIR FORMATION, OCCURRENCE AND MAGNITUDE

Marine Placer deposits
Marine placers deposits are concentrations of detrital heavy metallic minerals that have become separated from their normal assemblage of lighter minerals. Harben & Bates (1990) identify the most economically important of these minerals (and their associated elements) as: cassiterite (tin), ilmenite (titanium), rutile (titanium), zircon (zirconium), chromite (chromium), monazite (thorium), magnetite (iron), gold and diamonds.
Placer deposits are formed in high-energy environments such as the surf-zone along beaches. As a result of their specific high density, placer minerals are generally confined to locations within a few tens of kilometres from their source rocks. The relationship between sea-level changes and the formation and preservation of placer deposits puts limits on their occurrence offshore. During the last glacial maximum (18,000 years ago), when sea level was lowered bỹ 120m, fluviatile placer deposits may have extended to the edge of the present-day continental shelf (Kudrass, 1987 (Kudrass, , 2000 . However, with subsequent sea level rise, many of these deposits were buried by sediment transgression.
In general, two different types of marine placer deposits are recognised (Emery & Noakes, 1968; Kudrass, 1987 Kudrass, , 2000 Jury & Hancock, 1989) . Fluviatile placer deposits of gold and cassiterite that originated on the inner shelf during periods of falling sea level and beach placers that originated during periods of stable or slightly fluctuating sea-level. However, most placer deposits along present shorelines are largely the result of transgressive beachbarrier migration. This is a mechanism by which much of the shelf sand, with its pre-concentrated heavymineral assemblages, was moved to its present coastal position during transition from glacial to interglacial periods. Although a few shelf deposits were large enough to survive the transgression process, they are usually disseminated and of low grade and hence of little economic value (Komer & Wang, 1984) .
As a result of their higher density (>3.2 gcm-3) compared to the bulk of detrital minerals, which consist mostly of quartz and feldspar (with a density of 2.7 gcm-3), most placer deposits are formed close to their source rocks. These are mainly continental rocks of volcanic, plutonic, or metamorphic origin and cover a broad compositional range. The distribution of presently known placer deposits of economic significance lie mainly on the shallow shelf, within EEZs and none are located beyond 200 nautical miles within the areas of the ELCS (Emery & Noakes, 1968; Shilo, 1970; Jones & Davies, 1979; Cronan, 1980 Cronan, , 1983 Earney, 1990; Kudrass, 2000; Yim, 1991 Yim, , 2000 .
Rutile and ilmenite have been mined from placerderived deposits from beach sand in south-east and south-west Australia, in east South Africa, south India, Mozambique, Senegal, Brazil, and Florida. The irontitanium-rich placer mineral magnetite has been mined in large quantities from the northwestern coast of New Zealand (North Island), Indonesia (Java), the Philippines (Luzon), and Japan (Hokkaido). Cassiterite, occurring in fluviatile placers, is recovered from near-shore and offshore sediments in the "tinvalleys" of the Indonesian Sunda shelf (extending from the islands of Bangka, Belitung, and Kundur), Malaysia, and Thailand, where about one third of the world's production is derived. The majority of presently recovered gold is derived from fluviatile placer deposits although it sometimes occurs in beach placers (e.g. in New Zealand and Alaska). Placer diamonds are mainly mined in beach and shelf sediments along the west coast of South Africa and Namibia.
Because marine placer deposits are generally confined to locations within a few tens of kilometres from their source rocks, and are related to Pleistocene sea-level changes, they are limited to continental shelf regions less than 120 m deep. Therefore, although lying within coastal states' EEZ, it is unlikely for placer deposits to occur as resources on the ELCS which is beyond 200 nautical miles from the coast and generally at a depth greater than 100 m.
Marine phosphorite deposits
Phosphorites are natural compounds containing phosphate in the form of a cement binding sediments in tropical to sub-tropical regions. They tend to occur in waters of medium depth and are widely distributed on the continental shelves and upper slopes in areas of deep-water upwelling. They also occur on oceanic islands, seamounts and the flanks of atolls (Burnett & Riggs, 1990) . Phosphorite consisting of varieties of the heavy mineral apatite is also formed authigenically in some sediments (Manheim, 1979; Cruikshank, 1992; Bentor, 1980) . Present-day locations of phosphorite deposits are shown on Figure 1 . Relatively rich deposits are known to occur in areas such as off the coast of Baja California, southern California, and east of New Zealand. However, in many places they consist of cemented nodules scattered within sediment, and are too sparsely distributed to be recoverable. The phosphate content of known deposits varies considerably and is seldom more than 29 wt. % (Baturin & Savenko, 1985; Baturin 1998; Rao & Nair, 1991) . Figure 1 . Location of known marine phosphorite deposits (in light black -after Baturin and Savenko, 1985; Baturin 1998; Rao and Nair, 1991; Earney, 1990) and evaporite deposits (in dark grey -after Cronan, 1980; Earney, 1990; Warren, 1999; Teleki et al., 1987 and others cited in the text) with reference to the ELCS regions (in pale grey) and EEZ areas (outlined by thin curved grey lines) -modified after Prescott, 1985 .
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The large, commercially valuable deposits of Nauru, Ocean and Christmas Islands are well known and there is the potential for similar deposits to occur on shallow (less than 120 m deep) submerged seamounts within the Pacific region that were above sea level prior to the last sea level rise (Bentor, 1980) . There are also potential, low grade phosphorite deposits on the Chatham Rise off New Zealand, (with 5 wt. % phosphate) and offshore from Cochin and Bombay, India. Other major localities include the shelf off south and south-western Africa, north-western Africa, the western and eastern margins of South America and western Australia (Cruikshank, 1992; Manheim, 1979) . However, few of these locations overlap with the ELCS, except for a small part of the south-eastern margin of Argentina.
World marine resources of phosphorite are probably at least of the order of hundreds of billions of tonnes (Kent, 1980; Pearson, 1975; Manheim, 1979) . As a consequence of prevailing economic conditions and the alternative availability of phosphates from non-marine sources, no offshore deposits are being mined at present. Although land deposits are large enough to meet world demands, marine production may become economically viable in local areas far removed from on-shore deposits. Of these, possibly a few billion tons of offshore deposits may become economically viable (e.g. those associated with already identified major deposits). However, the bulk of marine phosphorite resources in the ELCS are unlikely to become economic viable and are hence of little economic value.
Marine evaporite deposits
Marine evaporites, formed by evaporation of sea water and other natural brines in geologic basins of restricted circulation, comprise mainly anhydrite and gypsum (calcium sulphates), sodium and magnesium salts and potash-bearing minerals (Holser, 1979; Peryt, 1987; Holser et al., 1988) . Elemental sulphur, although not strictly an evaporite, forms in association with some deposits by biogenic alteration of anhydrite. Because rock salt tends to flow at relatively low temperature and pressure, thick salt strata is often remobilised by the weight of the sedimentary overburden causing upward protrusion forming salt domes, plugs, and other diapiric structures. Such masses, which can be a few kilometres in diameter, may bring salt to or near the surface. They can also form structures in the intruded sedimentary strata that are favourable for the accumulation of hydrocarbons. Figure 1 shows the present day occurrence of marine anhydrite, potash and magnesium evaporite deposits. Although evaporite deposits formed in ancient marine basins are extensive on land, many of these also extend beneath the sea, not only under the continental shelves but also under some marginal ocean basins. Examples of these include the Sigsbee Deep salt domes in the Gulf of Mexico, the Canadian Arctic (including Hudson Bay), the north-west African shelf, the Mediterranean Sea, north-eastern margin of Brazil, the Grand Banks and Newfoundland, parts of eastern African margin and western Australia (Warren, 1999; Teleki et al., 1987) . Although falling within the range of EEZ, very few of these known areas of anhydrite, potash and magnesium evaporite deposits extend into the ELCS. Possible exceptions to this may be the Grand Banks and Newfoundland deposits, west Africa and north-western Australian deposits. However, very little data exist on the abundance or concentration of these deposits.
Because of the widespread occurrence of anhydrite, gypsum and common salt on land, and the ease of obtaining salt by evaporation from seawater in many coastal regions, these minerals are already widely available. Consequently, there is little value in marine deposits except perhaps in areas far removed from other supplies. To our knowledge, no attempt has been reported to quantitatively estimate potential marine resources of evaporitic salt and anhydrite deposits, but they probably amount to at least tens of trillions of tonnes (Warren, 1999) . Potash deposits in evaporite basins are not as widespread as salt and gypsum, but individual deposits are generally in the range of hundreds of millions to billions of tonnes. Potash resources in marine deposits are probably in the range of tens of billions of tonnes, some of which maybe economically recoverable. Thick beds of a magnesium salt and tachydrite (calcium-magnesium hydrate), previously known only in trace concentrations, occur in areas associated with potash deposits in the Sergipe salt basin along the eastern coast of Brazil and in the Congo basin along the mid-southwestern coast of Africa.
Marine Polymetallic sulphides
The majority of sub-sea polymetallic sulphides (PMS) are massive ore bodies containing varying proportions of pyrrhotite, pyrite/marcasite, sphalerite/ wurtzite, chalcopyrite, bornite, and isocubanite. Some massive polymetallic sulphides located on spreading centres near deep-ocean trenches also contain galena (lead sulphide) and native gold. Other minor sulphides of tin, cadmium, antimony, aresenic and mercury also occur in varying amounts at different localities (Rona & Koski, 1985; Herzig & Hannington, 1995) .
Polymetallic mineral deposits on the seafloor are intimately related to the formation of new oceanic crust by seafloor spreading and volcanic activity. At midocean ridges, convection-driven hydrothermal circulation of seawater through young oceanic crust is the principal ore-forming process (Scott, 1985; Herzig & Hannington, 1995) . Hydrothermal fluids leach and transport metals and other elements at depth from their volcanic host rock to the surface of the seafloor. As they discharge, at temperatures up to 350°C from "black smoker" chimneys (at depths in excess of 2,500 m), metal sulphide deposits form at the seafloor (as mounds) or as sub-surface stockworks. Lower temperature systems are also present and generate mineralisation of considerable economic potential. In the southern Lau Basin, for example, the first examples of actively forming, visible primary gold in seafloor sulphides were documented at "white smoker" chimneys from fluid discharge at 150-200°C (Hannington, & Scott, 1988; Herzig et al., 1993) .
Submarine massive polymetallic sulphide bodies are principally found along the earth's major tectonic boundaries. The main areas of occurrence are fast-, intermediate-, and slow-spreading mid-ocean ridges, on-and off-ridge volcanoes and seamounts, in sedimented rifts adjacent to continental margins and in volcanoes and spreading ridges asssociated with deep-ocean trenches (Rona, 1988; Rona & Koski, 1985; Herzig, 1999; Herzig & Hannington, 2000) . High-temperature hydrothermal activity and large accumulations of polymetallic sulphides are located from at least 25 different sites world wide (Fig. 2) .
Plate tectonic setting has an important influence on the composition of PMS deposits. For example, back-arc basins related to subduction zones are important sites for base-metal and gold mineralisation. In the southwestern Pacific, the "PACMANUS" Figure 2 . Location of known marine polymetallic sulphide (PMS) deposits and active hydrothermal system (grey-filled circlesmodified after : Rona, 1988; Rona & Koski, 1985; Herzig, 1999; Herzig & Hannington, 2000 and others cited in the text) with reference to the ELCS regions (in grey), EEZ areas (outlined by thin curved grey lines), and the major oceanic plate boundaries (in bold black lines).
hydrothermal deposits are scattered along a 10 kmlong crest or section of an active volcanic ridge in the eastern Manus Basin, Papua New Guinea. Here, chimneys dominated by chalcopyrite and sphalerite, with barite and some bornite, have average compositions of 11 wt% Cu, 27% Zn, 230 ppm Ag and 18 ppm Au (Moss et al., 1997; Scott and Binns, 1995; Binns et al., 1993) . The shallow depths (less than 1,500 m) and high gold content make such sites potentially viable for mining.
Very little is known about the total metal content of marine PMS deposits and their sub-surface extent. Because of their depth (greater than 2,500 m) and remote locations from shore, it is unlikely that seafloor PMS deposits, such as those located in international waters on the mid-ocean ridges (e.g. the Mid-Atlantic Ridge, East, Northeast and Southeast Pacific Rises, and the Indian Ocean ridges), will become mining targets in the forseeable future (Agterberg &Franklin, 1987) . However, massive sulphide mining may have some economic viability in the near future where there are high gold and base-metal grades at sites that are located close to land and in water depths less than 2,000 m (Broadus, 1985) . Figure 2 shows the locations of known hydrothermal activity, PMS deposits and their geologic setting, and can be used to identify those areas where conditions for recovery may become viable. Those with the greatest potential are located in: the southwest Pacific, the Scotia Sea, the Guyamus Basin (Gulf of California), northern East Pacific Rise, and possibly parts of the Juan de Fuca Ridge of western North America. Although none of these areas currently lie within any potential ELCS, even for those that are already known, the logistical difficulty for their recovery make them all currently uneconomic. The only exception to this is possibly the PACMANUS deposit in the eastern Manus Basin (Bismarck Sea, north of Papua New Guinea), for which the Papua New Guinea authorities recently granted two exploration and development licences to the Nautilus Mineral Corporation in 1999.
Marine manganese nodules and crusts
Traditionally, manganese nodules have provided a source for much speculation about economically viable mineral resources in the deep ocean. Their abundance, composition, (including strategically valuable metals) and their occurrence as loose material lying on the surface of the seabed make nodules potentially attractive to future mining. Manganese nodules were first dredged during the HMS Challenger Expedition in the Pacific Ocean in 1872-76 (Murray, 1878; Murray & Irvine, 1895; Murray & Renard, 1891) . The currently known distribution of manganese nodules and crusts on the ocean floor is based on information acquired by sidescan sonar, drill cores, dredged samples, seafloor photos, video camera records and direct observation from submersibles. A recent review of nodule and crust locations, their compositions and abundance, has been compiled by the USGS, NOAA and US Mineral Management Service (1991), Rawson & Ryan (1978) and others (see text for specific references). These data form the basis of the analysis of this resource assessed here.
Manganese nodules are concentrations of iron and manganese oxides, that can contain economically valuable concentrations of nickel, copper and cobalt (together, making up to 3 wt. %). They range from millimetres to tens of centimetres in diameter and occur mainly on the deep-seafloor. Apart from manganese and iron oxide, nickel, copper and cobalt, the nodules include trace amounts of molybdenum, platinum and other base metals (Cronan, 1980; Manheim, 1986) . Additionally, manganese rich crusts, similar in composition to the nodules, occur on rocky outcrops and in places on unconsolidated clastic sediments. The thickness of these crusts ranges from 2 cm in the upper slope areas to 9 cm in the lower areas where they may contain more than 16 kgm-2 (dry weight) of encrusted surfaces (Halbach & Manheim, 1984 . They are most common on old seamounts and the submerged flanks of ocean islands where they can be enriched by up to two per cent in cobalt (Halbach et al., 1983 , Halbach, 1989 Mero, 1965; Glasby, 1977) .
The major mineral phases of iron and manganese oxides control the uptake and retention in the nodules of minor elements such as nickel, copper, cobalt, molybdenum and rare earth elements (Cronan, 1977) . Of the large number of complex hydrous manganese oxide mineral phases identified, todorokite and birnessite are the most common. In addition, nodules and crusts contain a variety of non-metallic minerals, amorphous material and biological debris that may comprise up to 25 wt. % of their dry mass (Gross & McLeod, 1987) . These include clay minerals, quartz, feldspar and chlorite, mostly of detrital origin along with varied proportions of silica gels, chalcedony, calcareous and phosphatic components. The ratio of different mineral phases, and their relationship to different environments, has been documented by Burns & Burns (1977) , Hein et al. (1997) , Hein & Morgan (1999) and Mitchell & Garson (1981) . Gross & McLeod (1987) report that the major elements in dry nodules are oxygen, manganese, iron, silica, and lesser amounts of aluminium, calcium, sodium, and magnesium. Trace elements of greatest economic interest are nickel, copper, and cobalt (table  1) . The amounts and proportions of constituents vary considerably within single nodules, between nodules of different sizes, and between nodules from different regions and ocean basins (Calvert, 1978; Hayes et al., l985) .
The composition of manganese crusts varies from 15 to 31 wt. % manganese, 7 to 18 wt % iron, and with Mn/Fe ratios ranging from 1.0 to 3.4. Although the cobalt content is generally higher for crusts than for nodules, with crusts containing up to 2 wt % cobalt occurring on the summits of some seamount of less than 1,500 m depth, the average cobalt content is 0.8 wt %. Crusts can also contain significant amounts of nickel, lead, cerium, molybdenum, vanadium and other minor metals including those of the platinum group elements (Manheim, 1986) .
The composition of manganese nodules and crusts also varies according to the different environment settings (table 2) . Although nodules form at a rate of up to a few tens of millimetres per million years (Ku,1977; Cronan, 1980; Calvert, 1978) , the most extensive nodule fields tend to occur on oceanic crust that is Mesozoic or younger in age. They are found mainly below the carbonate compensation depth in areas with low clastic sedimentation and with high biological productivity in overlying surface waters (Cronan, 1980 (Cronan, , 2000 . Cronan, 1977 Cronan, , 1980 Cronan, , 2000 Gross & McLeod, 1987) . Table 2 -Average elemental abundance (in wt. %) for Mn, Fe, Ni, Co and Cu in manganese nodules and crusts from different seafloor settings and depths (in metres) (after Cronan, 1977) .
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The metals contained in nodules and crusts are attributed to discharge of hydrothermal solutions along active plate boundaries, leaching of metals from the bottom sediments and volcanic rocks during diagenesis and the deposition of metal-rich clastic or colloidal sediment from continental erosion (Greenslate, et al. 1973; Glasby,1977; Eldersfield, 1977; Calvert,1978; Cronan, 1980) . Figure 3 shows the distribution and density of all known manganese nodules and crusts for which quantitative chemical analyses are reported and where estimates of their abundance have been mapped. These data have been compiled from sites where dredges, cores, submersibles and bottom photographs have been taken. Although the chemical analyses cover wide regions, the same is not true for estimates of the abundance of nodules and/or thickness of crusts. Therefore, the analyses presented here are only preliminary and should not be taken as anything other than a guide to this resource. Figures 4 to 7 show the abundance of the four elements that are of greatest economic importance in these deposits: manganese, copper, nickel and cobalt.
Cobalt is an especially important metal for which marine manganese nodules and crusts comprise a significant host. Important areas where cobalt-rich manganese crusts have been found in the Pacific include the north-west Hawaiian Ridge, Johnston Island, Huwlarid-Baker Islands, Marianas Island, Guam, Marshall Islands, Central Seamounts, PalmyraKingman, Micronesia and Wake Island (Manheim 1986 ). According to Clark et al., (1984 Clark et al., ( , 1985 the area around the Federated States of Micronesia and the Marshall Islands also appears to have a much larger resource potential for cobalt, nickel, manganese and platinum than other island areas. Cobalt-rich manganese-iron crusts cover thousands of square kilometres in the Atlantic Ocean and are found on the Blake Plateau, Sierra Leone Rise, and the east flank of the Mid-Atlantic Ridge. Here crusts have cobalt contents of up to 1 wt. %. Manheim (1986) reports a mean cobalt content of 0.5 wt. % for 77 samples of crusts recovered from 2,500 m in the Atlantic Ocean and a range from 0.5 to 0.85 wt. %, while the mean content of manganese is 20.15 wt. % and ranges from 17.9 to 22.28 wt. %. The average metal content in crust samples from the Hawaiian Archipelago and Johnston-Palmyra Region in the Pacific is: 0.90 wt. % cobalt, 0.50 wt. % nickel, 0.06 wt. % copper, and 24.7 wt. % manganese, with an average thickness of 2.4 to 2.8 cm (Clark et al. 1984) .
A region of special economic interest lies in the central north-east Pacific Ocean between the Clipperton and Clarion fracture zones (bounded by latitude 5° N and 25°N and longitude 270°E to 210°E - Morgan, 2000) . Here, abundant nodules have a up to 30 wt. % manganese, 1.5 wt % copper, 10,000 ppm cobalt and 2 wt % nickel. They have a combined content of nickel and copper of up to 3.5 wt %. Nodules in this region are more concentrated than in most other areas, with averages up to 10 kg/m2. However, nodule abundance varies considerably within local areas, and in isolated sites it ranges up to 30 kg/m2 (Hayes et al.,1985; Frazer, 1977) . Our estimates of the elemental concentration on the seafloor in this region are up to 3kg/m2 for manganese, 80 gm2 for copper, 25 mg/m2 for cobalt and 0.2 kg/ m2 for nickel.
A large area in the Central Pacific Ocean (north of 28°N and between 180-200°E) has widespread concentrations of nodules with average densities up to 10 kg/m2 (Figure 3 ). These contain elemental concentration up to 20 wt. % manganese, 1 wt. % copper, 4000 ppm cobalt and 1% nickel, with combined nickel and copper concentrations of up to 2 wt. %. The elemental density on the seafloor range up to 1.5 kg/m2 for manganese, 60 g/m2 for copper, 40 mg/m2 for cobalt and 0.75 kg/m2 for nickel.
A number of locations, to the south-west of Hawaii (within an area 5°N to 10°N and 180°E to 195°E) , have concentrations of nodules and crusts averaging 2kg/m2. These contain elemental concentrations and densities on the seafloor of up to 10 wt. % manganese at up to1 kg/m2, up to 1 wt.% copper at up to 10 g/m2, up to 4000 ppm cobalt with a maximum of 10 mg/m2, and 0.5 wt. % nickel with up to 0.025 kg/m2. The combined nickel and copper concentration is up to 2 wt. %.
Nodules densities of up to 8 kg/m2 are found in the Pacific southern equatorial belt at the edge of the calcareous zone between 180°E and 220°E. However, occurrences are infrequent throughout much of the area. An exception is an area between the East Pacific Rise and South America where we identify densities ) on the seafloor, contained in nodules and crusts, gridded on a 1° latitude and longitude basis (from data compiled from the same sources cited on figure 3 ) and with reference to the ELCS regions (in grey) and EEZ areas (outlined by thin curved grey lines).
Figure 5 -Density of elemental copper (contoured in g/m 2 ) on the seafloor, contained in nodules and crusts, gridded on a 1° latitude and longitude basis (from data compiled from the same sources cited on figure 3 ) and with reference to the ELCS regions (in grey) and EEZ areas (outlined by thin curved grey lines). 2 ) on the seafloor, contained in nodules and crusts, gridded on a 1° latitude and longitude basis (from data compiled from the same sources cited on figure 3 ) and with reference to the ELCS regions (in grey) and EEZ areas (outlined by thin curved grey lines). of up to 6 kg/m2.
Manganese nodules, with up to 2 wt. % of combined nickel and copper and up to 4000 ppm cobalt, are found in an area in the Indian Ocean that extends from 10°S to 25°S and 70°E to 86°E (Frazer & Fisk, 1977; Frazer and Wilson, 1980) . However, these have concentration of less than 1 kg/m2.
Other areas to the south-west (between 40-60°S and 70-95°E) and north-west (between 10-25°S and 95-105°E) of Australia have scattered concentrations of nodules up to 2 kg/m2 (Cronan, 1980 (Cronan, , 2000 Hayes et al.,1985; Gross and McLeod, 1987) . However, their metal content appears to be generally low with combined copper and nickel of only 2 wt. %. A more significant field of nodules lies in the western Pacific (between 20°N and the equator and 160-200°E) where average densities are up to 6 kg/m2. Here combined copper and nickel contents comprise 2-3 wt. %, and cobalt concentrations are up to 8000 ppm. This corresponds to elemental abundance of copper, cobalt and nickel of up to 150 g/m2, 25 mg/m2 and 0.05 kg/m2 respectively.
Nodules are sparsely and irregularly distributed through broad areas of the Atlantic. Probably the most economically interesting concentrations are found on the Blake Plateau, in shallow water to the east of Florida. Here, nodules and crusts with high Mn/Fe ratios make them economically attractive as a manganese resource (Manheim, 1972) . In the Mediterranean Sea, nodules off the west coast of Italy are of special interest for similar reasons. Other areas near continental margins where nodules and crusts have high Mn/Fe ratios include areas such as the southern and south-western African continental margin (Cronan, 1980; 2000; Glasby, 1977) . Although the mineralogy, composition and origin of manganese nodules are relatively well known, assessments of their resource potential are not well documented. Potential resource estimates for copper, nickel and cobalt in nodules were made during the 1960s and 1970s and are summarised in Volume I of the United Nations Seabed Mineral Series. However, most of the estimates of resource potential were based on a minimum abundance of 10 kg/m2 and a minimum combined grade of 1.76 wt. % copper and nickel. The abundance of nodules however, remains a major 2 ) on the seafloor, contained in nodules and crusts, gridded on a 1° latitude and longitude basis (from data compiled from the same sources cited on figure 3 ) and with reference to the ELCS regions (in grey) and EEZ areas (outlined by thin curved grey lines).
source of uncertainty and any global estimates must be subject to non-definable degree of error. Despite this, potential world wide resources of nodules have been estimated, and range from 14 to 99 billion tonnes (Gross & McLeod, 1987) .
While accepting the uncertainties and limitations of past and present resource estimates, using the methods described here it is possible to broadly estimate the resources held by manganese nodules and crusts within potential ELCS regions Table 3 . The top ten countries that have the greatest resource potential of nodules and crusts in their ELCS, ranked in descending order are: the United States of America, Madagascar, Brazil, Antarctica, Argentina, Japan, South Africa, Canada and India, ranging from 1.86 billion tonnes to 0.33 billion tonnes respectively. Elemental resources for these ten countries range from: 330 million tonnes of manganese (for Antarctica) to 44.5 million tonnes (for India); 28.3 million tonnes of copper (for Antarctica) to 0.9 million tonnes (for India); 35.7 million tonnes of nickel (for Antarctica) to 2.2 million tonnes (for India); and 4458 tonnes of cobalt (for the USA) to 445 tonnes (for India). Even for those countries with the lowest abundance of nodules and crusts present in their ELCS, the elemental resources range from: 2.7 million tonnes of manganese (for Mauritania) to 11,408 tonnes (for Venezuela); 0.18 million tonnes of copper (for Guyana) to less than 1,500 tonnes (for Zaire); 0.15 million tonnes of nickel (for Guyana) to 2,852 tonnes (for Venezuela); and Table 3 -Global distribution, concentration and abundance of manganese nodules and crusts, located within the ELCS, apportioned to each coastal state (ND = not detected).
107 tonnes of cobalt (for Mauritania) to about 20 tonnes (for Gambia).
At the scale of this global study, it is not possible to determine specifically where resources contained in nodules and crusts occur at grades above or below economically viable cut-off limits (e.g. when considering recovery, transport and production costs against commodity prices). However, it is possible to rank countries according to the average grade of manganese nodules and crusts in their ELCS. These areas, on average, are characterised by higher grades and may in future have locations favourable for manganese nodule and crust recovery. The ten countries with the highest average grades of nodules and crusts (in tonnes per km2) are: the Philippines, Japan and Guam (~2,000), the USA (~1,500), Madagascar, Mozambique, Argentina, Fiji (~1,000), and South Africa (~900). The Yemen, Pakistan, and Oman all have equal grades of ~750 tonnes per square kilometre. The Marshall Islands, Johnston Islands (U.S. EEZ), Kiribati, the Federated States of Micronesia, and French Polynesia are the Pacific Island areas with probably the greatest manganese crust resources (Gross & McLeod, 1987; Kesler, 1994) . However, of these, only the Marshall Islands' EEZ has been assessed in any great detail to date.
Marine hydrocarbon deposits
Generally, large quantities of hydrocarbons can be formed only at depths within sedimentary sequences greater than 1,000 -2,000 meters. Formation of exploitable reservoirs of hydrocarbons requires migration (from their source rocks) to geological traps comprising a porous reservoir rocks and overlain by an impermeable horizon. Common geological traps for hydrocarbons include: shales, salt domes (evaporites), and anticlinal folds of permeable and non-permable strata. In addition to liquid hydrocarbons, natural gas is also common. Sedimentary sequences in excess of 1,000 m thick in areas of high-heat flow, comprising organic-rich layers overlain by porous rocks that are in turn overlain by domed impermeable strata provide ideal environments for hydrocarbon formation and retention.
In 1995, only ten offshore fields accounted for ,1997) and the main offshore areas where oil and gas are produced (striped -after IEA, 1996 and references therein) with reference to ELCS regions (in grey) and EEZ areas (outlined by thin curved grey lines).
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25% of estimated world offshore production, while the 25 most productive fields accounted for over 40% (IEA, 1996) . The estimated reserves of oil world wide at the beginning of the 21st Century are about one trillion barrels. Of this amount, about 252 billion barrels (25 %) lie in marine environments. Similarly, the total world wide resources of natural gas are estimated at about 4,000 trillion cubic feet, of which about 26 percent are marine. However, offshore hydrocarbon resources may be ten times larger, in which case they are likely to provide the majority of future hydrocarbon production (IEA, 1996) . Figure 8 summarises the major offshore oil and gas provinces of the world (Klett et al. 1999; Meyer, 1981) in relation to a global sediment thickness model (compiled by NGDC, based on work by: Mathhias et al., 1988; Ludwig & Houtz, 1979; Hayes & La Brecque, 1991; Divins & Rabinowitz, 1991; Divins & Eakins, in prep.) . These reserves of oil and gas are located almost exclusively on the continental shelves and are characterised by sedimentary sequences greater than 1,000 m in thickness. Their location ranges from the continental slopes of northern Alaska to Tierra del Fuego and from the South China Sea to the Gulf of Mexico. However, with the exception of a small area offshore central western Africa, all of these areas lie within the EEZ but do not extend to the ELCS.
Of the twenty-five largest offshore production fields, eight are in the Persian Gulf and eight others are in the North Sea. The remaining ones are located in the Gulf of Mexico, East Asia, South Asia, South America, West Africa and North Africa. The IEA (1996) identify fifteen fields that produced in excess of 200 kb/d (thousand barrels of oil equivalent per day) in 1995. Another thirty fields are estimated to have had production levels of more than 100 kb/d.
In the future, offshore oil supply growth is expected to occur increasingly from areas outside the North Sea and the Persian Gulf. By 2005, five fields, two off Brazil and one each in West African waters, the Gulf of Mexico and the Norwegian Sea, are expected to move into the top 25 producers, with several other potential major producers off West Africa and in the deep-water Gulf of Mexico approaching similar production levels (IEA, 1996) .
A qualitative indication of resource potential, and hence a relative ranking of ELCS regions and their coastal states, can be made by comparing the known reserve province against the location of those countries with significant sedimentary sequence thickness (Klett et al., (1999) . This shows the continental shelf and rise contains the largest accumulations of sediment (often in excess of 10 km), that also have a high probably to include organic-rich source rocks deposited when the proto-ocean basins were narrow and had restricted circulation (Rona, 1969; Schneider, 1969) . The abyssal plains probably contain insufficient thickness of sediments (less than 1 km) to yield hydrocarbon accumulations. Parts of the deep trenches may be more favourable, as may some foundered remnants of continental blocks broken off during early rifting processes.
Areas that contain wide continental shelves with sediment thickness in excess of 1 km, deposited in conditions favourable for hydrocarbon genesis, are shown on figure 9. These occur throughout the subarctic (north of 60°N) and include the coasts of Greenland, Norway, Alaska, northern Canada and Russia. In the Arctic Ocean, sedimentary thickness often exceed 4 km. Similarly, much of the continental margin of Antarctica also contains sediment in excess of 2 km thick. Elsewhere, favourable offshore conditions occur along the Atlantic seaboards of North, Central and South America (including Mexico, Trinidad-Tobago, Venezuela, Guyana, Surinam, French Guiana, Brazil, Uruguay, Argentina), western Europe and Africa, Eastern Africa, the northern margin of the Indian Ocean, Indonesia and around Australia, New Zealand, off mainland China, Korea, Taiwan, and the Pacific seaboard of Russia (Sea of Okhotsk).
Small sub-sea basins that have a thick sequences of potentially organic-rich sediment, and hence large petroleum resources, include the Gulf of Mexico and the Caribbean Sea (2-6 km thickness), the Mediterranean Sea (up to 8 km), the Black Sea and Caspian Sea (4 km), the Bering Sea, the Sea of Okhotsk, the Sea of Japan, the South China Sea, and the seas within the Indonesian Archipelago (all 2-4 km). However, several of these favourable areas have water depths of as much as 5,500 meters and extend 1,500 km or more from shore, making hydrocarbon production difficult. Table 4 shows the coastal states with potential ELCS that coincide with offshore sedimentary sequences thickness in excess of 1 km. Against each state is the area of its ELCS and its percentage that contains sediment thickness greater than 1 km. Although this is not an assessment of the resource volume of hydrocarbons, the table serves to identify those coastal states with ELCS areas that may host significant hydrocarbon resources.
The ten countries, with the largest areas (cited in brackets in millions of km2) of their ELCS' containing sedimentary sequences in excess of 1 km thick, and hence having potential hydrocarbon resources are: Antarctica (2. High resource potential, that coincides with ELCS regions, is also found throughout the Atlantic seaboard of North and South America (including the Labrador Sea); Antarctica; northern and western Norway; south and west of the United Kingdom and Ireland; parts of north-west Africa; south-west Africa, south-east Africa and East of the Horn of Africa; South of Pakistan; East and West of India; South of Tasmania (Australia); North of New Zealand and East of Australia; the Sea of Okhotsk; and the Alaskan Arctic seaboard. In all of these areas, conventional hydrocarbon resources are considerable. However, exploration and recovery conditions are likely to vary enormously, effecting their potential value.
Marine gas hydrate deposits
Gas hydrate is a crystalline compound composed of gas molecules, normally methane, en-caged within water molecules to form a solid similar to ice (Kvenvolden, 1993) . It forms within pore space and cements sedimentary grains together. On dissociation, solid hydrate yields approximately 164 times its own volume of methane gas (at standard atmospheric pressure and temperature).
Gas hydrates are estimated to hold many times more methane than presently exists in the atmosphere and up to twice the amount of energy of all fossil carbon-based fuels combined (McIver, 1981; Gornirz and Fung, 1994) . Methane is also highly effective greenhouse gas. Because hydrate reservoirs are extremely sensitive to climate change they have positive feedback mechanisms that can catastrophically accentuate global warming. The presence of subsurface hydrate is also directly linked to major reductions in seafloor stability that influences the frequency and magnitude of submarine landslides and their associated tidal surges. Such landslides can trigger further hydrate dissociation, increasing the flux of methane into the atmosphere. However, there is considerable uncertainty in estimates of the global extent of gas hydrates, partly because of the difficulty in locating deposits in the sediment column beneath the seafloor.
Hydrates form and accumulate where marine sediments contain suitable and sufficient dissolved gas and where the geothermal gradient allows conditions that are within the stability field of the hydrate. As a result, they occur widely in nature, mainly beneath the seafloor in deep-sea sediments but also close to the seabed in cold, shallow arctic seas. The source of the dissolved gas is biogenic and thermogenic, from breakdown of organic matter trapped within marine sediment. Therefore, the unoxidsed organic carbon content of the sediment is also a significant factor in determining the potential for gas hydrate generation.
The stability conditions for methane hydrate may be met at water depths greater than 500m on the continental slope and continuing to a depth beneath the deep seafloor determined by the geothermal gradient. The actual depth at which hydrate is stable also depends on bottom water temperature. Additionally, the introduction of higher molecularweight gases (ethane or propane) allows a mixed gas hydrate to form at lower pressures and therefore to be stable in shallower water or at higher temperature (Kvenvolden, 1993) . However, the presence of brine in sediment pore water decreases the stability of gas hydrate, requiring deeper and colder conditions for formation.
The methane in gas hydrate forms naturally by organic decay in the thick sediments normally found in the deep water adjacent to continental margins. At depth in the sediment the temperature becomes too high for hydrate to be stable and the abrupt change of physical properties inherent with free gas in the sediment pore spaces generates a seismic reflectorthe Bottom Simulating Reflector (BSR). Although these have been used to identify gas hydrate on seismic reflection profiles for some time, there remains some uncertainty whether every BSR is associated with gas hydrate. However, the occurrence of BSRs in combination with suitably stable conditions is a useful indicator for the presence of hydrate. Despite this, there has been little effort to compile the distribution of BSRs on a world wide basis (Max, 1990; Lee et al, 1994; Miles, 1995) . Figure 10 shows the world wide locations of all known gas hydrates (Max, 1990; Lee et al, 1994; Kesler, 1994 ). The figure also shows the areas where water depths range from 500 to 4000 m on seafloor that is older than 30 Ma. These depths are appropriate for gas hydrate formation and the age of the underlying oceanic lithosphere is such that heat flow, based on plate cooling models, is expected to be low enough for hydrate stability (Miles, 1995) .
Gas hydrates are known from the Atlantic and Pacific margins of both North and South America, especially at equatorial latitudes. They are also found around off the coast of Canada, Alaska, off the West coast of Norway, the Black Sea and off the coast of Pakistan. Isolated occurrences are also found off New Zealand and Antarctica (Max, 1990; Lee et al., 1994) .
Because BSRs potentially indicate only the presence of a gas hydrate layer, and not the total volume of hydrate or the volume of free gas in the sediment beneath the layer, it is not possible to estimate the potential resource that gas hydrates offer with any certainty. Instead, it is only possible to estimate the areas where conditions for hydrate formation are favourable (Kvenvolden et al., 1993 and otherssee below) . Table 5 shows a compilation of current estimates for global methane gas and carbon resources in oceanic and continental settings. Although considerable uncertainty exists about the total gas resource potential of hydrates, it would appear that the oceanic potential is considerable.
Extrapolation from the few documented locations where gas hydrates have been recorded is very likely to lead to an underestimate of the total world wide occurrence. From considerations of the stability condition for hydrate, the deposit is likely to occur everywhere the seafloor exceeds 500 m (or 300 m in high latitudes), and where there is a source of unoxidsed organic carbon in marine sediments (Miles, 1985; Collett, 1992) . The greater the thickness of marine sediments, the greater the likelihood of there being a suitable source material for the biogenic or thermogenic production of methane. Figure 10 also shows the location of areas favourable for gas hydrate formation, and hence with potential for hydrate resources. These areas lie in water depths greater than 500 m, on crust less than 30 Ma old and include data on sediment thickness. Areas with relatively high gas hydrate potential are coloured dark grey, and those with low potential are coloured light grey. These are only qualitative, relative indications of hydrate potential and are not indicative of actual known or indicated volumes.
The areas identified on Figure 10 as having high gas hydrate potential coincide with those localities where gas hydrates have been found already. Elsewhere, high potential exists in the Arctic and Antarctic, Bearing Sea, Barents Sea, Labrador Sea, eastern margin of North and South America, the African margin, Mediterranean Sea, Black Sea, off Pakistan and eastern India, north-west Australia, south-west New Zealand and the Sea of Okhotsk, Japan and the western European Margin.
CONCLUSIONS
We present here an evaluation of global offshore non-living resources based on known occurrences and reserves, the geologic environments favourable for formation, models for sediment type and thickness, and basement composition. These resources are examined in relation to offshore areas that lie beyond outer limits of exclusive economic zones (EEZ), but within areas that have the potential to be claimed as extended legal continental shelf (ELCS), under the criteria established by the United Nations Convention on the Law of the Sea, Article 76 (1982) . Eight different types of non-living resources are assessed. Table 6 gives a summary of these resources, their quantity, and estimated grade for the nation states that Table 5 -Estimates of methane gas and methane carbon resource contained in continental and marine gas hydrate accumulations (after Dobrynin, 1981; Kvenvolden, 1993; Prensky, 1995; MacDonald, 1990) . (Tcf = trillion cubic feet). Table 6 -Compilation of offshore resources held within the areas that have the potential to lie within the extended "legal" continental shelf. The estimates are based on the methodologies described in the text. Symbols: ND -not detected, B.B.O.E. -billion barrels of oil equivalent, PMS -polymetalic sulphide have potential claim to ELCS regions.
Placer deposits comprising heavy minerals, gold and diamonds are limited to near-shore areas and have negligible resource potential in the ELCS regions. Similarly, phosphorites occur in the equatorial oceans, mainly between 400 m and 1,500 m depth, but have limited resource potential in ELCS areas. Evaporite deposits occur on many continental margins. However, they only overlap with ELCS regions off eastern North America and western central Africa, where their resource potential is low. With the exception of the West Pacific and off the western coast of North America, polymetallic sulphides (PMS) resources, which are formed at volcanically active plate boundaries, are generally low in all ELCS regions.
The major resource potential within the ELCS regions is held in iron-manganese nodules and crusts, oil, gas and gas hydrates. There are four elemental metals comprising the main components of value in manganese nodules and crusts: manganese, copper, nickel and cobalt. World wide, the total mass of nodules and crusts within ELCS regions is 13 x 109 tonnes. Of these, their metal content amounts to: 2 x 109 tonnes of manganese, 14.5 x 107 tonnes of nickel, 107 tonnes of copper and 6.4 x 104 tonnes of cobalt. Conventional oil and gas comprise an estimated 106 b.b.o.e. (billion barrels of oil equivalent) with a similar estimate of 115 b.b.o.e. for gas hydrates. In total, the resource potential (excluding recovery and production costs) contained within the ELCS regions of the world amounts to an estimated US$ 11,934 trillions (at 2001 raw commodity prices).
